Abstract: Both intermolecular reactivities toward C-O and C-N unsaturated substrates and intramolecular reactions of various 1-lithio-1,3-dienes are briefly summarized. Results reveal that intramolecular synergy between the alkenyllithium moiety and the butadienyl skeleton make 1-lithio-1,3-diene derivatives useful and unique as building blocks in organic synthesis. It is demonstrated that substitution patterns and the nature of the substituents on the butadienyl skeleton have remarkable effects on reaction pathways.
INTRODUCTION
Development of organometallic reagents is one of the most important areas in modern synthetic chemistry, since practical and efficient reagents can remarkably accelerate the advancement of synthesis and related subjects [1] . Since 1999, we have been engaged in developing 1,4-dilithio-1,3-butadienes as a new class of organolithium reagents, which exhibit novel and unprecedented reactivities toward unsaturated substrates, such as CO, CO 2 , aldehydes, ketones, nitriles, etc. [2, 3] . They differ remarkably from traditional organolithiums, owing to evidence of intramolecular synergy between the respective alkenyllithium moieties. Preliminary accounts of the reaction chemistry of 1,4-dilithio-1,3-butadienes are reported elsewhere [2a] .
New reactions and useful applications can also be achieved through exploitation of the unique structure of monolithio reagents 1-lithio-1,3-butadienes. The alkenyllithium moiety of 1-lithio-1,3-butadienes (I) is prior to react with a variety of unsaturatecd organic substrates "-Y-" to yield the first intermediate (II) as demonstrated in Fig. 1 . When the substituent X is a functional group such as X = Cl, Br, vinyl, naphthyl, Ph, SiMe 3 , Me, etc., the alkenyllithium moiety in I and the Y-Li moiety in II can react intramolecularly with X to afford cyclic compounds. In addition, the alkenyl moiety in II can also accept the nucleophilic attack of Y-Li moiety, although it is less active than that of the functional substituent X. It is demonstrated that substitution patterns and the nature of the substituents on the butadienyl skeleton have remarkable effects on reaction pathways. The intramolecular synergy between the alkenyllithium moiety and the butadienyl skeleton is the essential factor which makes 1-lithio-1,3-butadiene derivatives useful and unique as building blocks in organic synthesis.
1-Lithio-1,3-butadienes are prepared generally by in situ lithiation reaction of the corresponding 1-halo-1,3-butadienes or mixed 1,4-halo-1,3-butadienes with t-BuLi, or n-BuLi at -78 °C within 1 h (eq. 1). Depending on the substituents and solvents used, lithiation reaction time and temperature might vary (eq. 1) [2, 3] . Scheme 1 summarized various 1-lithio-1,3-butadiene reagents developed by our group [4] .
To develop fundamentally new and challenging 1-lithio-1,3-diene derivatives and investigate their reactivities, we have focused on three aspects: (1) the development of 1-lithio-1,3-dienes bearing various substitution pattern and the nature of substituents; (2) (1) Scheme 1 Various 1-lithio-1,3-butadienes. cyclic compounds have been briefly summarized [4] . Herein, we would like to present the reaction chemistry of 1-lithio-1,3-butadienes through cooperative effect and our recent progress on this subject.
REACTION OF 1-LITHIO-1,3-BUTADIENES WITH C-O UNSATURATED SUBSTRATES

Reaction with CO
The reaction of organolithium reagents with CO has long been considered to be an important approach to introduce carbonyl groups into organic molecules. However, due to the high reactivity of the initial carbonyllithium species 2 [5] , few useful synthetic methods have been developed from the primary carbonylation of organolithium reagents (Scheme 2). In addition to strong nucleophiles, these species are also electrophiles, since the carbonyl function is susceptible to nucleophilic attack. As illustrated in Scheme 2, the primary carbonyllithium species 2 may be trapped by electrophiles both intramolecularly and intermolecularly to afford cyclic or linear carbonyl compounds. Efficient intermolecular trapping of 2 under carefully controlled reaction conditions has been reported by Nudelman, Seyferth, and others [6, 7] . Murai, Smith, and others have demonstrated that an intramolecular conversion of the carbonyllithium species 2 into more stable species is a useful way to utilize the RLi/CO reaction systems to construct cyclic carbonyl compounds [8] [9] [10] .
1-Lithio-butadienes underwent the carbonylation-cyclization reactions and afforded the corresponding cyclopentenones 3 or 4 with high regio-and stereoselectivities (Scheme 3) [11] . A variety of 2-or 3-cyclopentenone derivatives could be prepared in good to excellent yields after hydrolysis (Scheme 3). It is interesting that the reaction of 1-lithio-butadienes with CO afforded cis-3-cyclopentenones as major products, while the similar reaction of 1,4-dilithio-1,3-butadienes with CO gave trans-3-cyclopentenones.
Carbolithiation of unsaturated C-C bonds is a very important approach for construction of new C-C bonds. Conceptually, acyl-lithiation of unsaturated C-C bonds is more interesting and useful, since not only new C-C bonds but also carbonyl groups can be introduced into the products. A carbonyllithium species 5 should be formed in the first step in the reaction of the monolithio reagents 1a with CO. Intramolecular acyl-lithiation of the C=C double bond in 5 afforded the intermediates 6 with three possible fashions (Scheme 4).
Reaction with M(CO) 6 (M = Cr, Mo, and W)
Synthesis of Fischer-type carbene complexes has continuously been a challenging subject in synthetic science and chemical industry [12] . Among the family of Fischer-type carbene complexes, six-membered pyranylidene carbene complexes of the group 6 metals Cr, Mo, and W have recently attracted increasing interest due to their utilization in ring-opening reactions [13] , Diels-Alder reactions [14] , and 1,6-addition [15] . On the other hand, demetalation of Fischer carbene complexes is of significant interest because cleavage of the multiple bond between the metal and the carbene carbon atom provides an important method to prepare useful organic molecules [12] . A concise synthetic method by reaction of M(CO) 6 (M = Cr, Mo, W) with readily available 1-lithio-1,3-butadiene 1g or 1h bearing a leaving group via an intramolecular trapping of metallaacylate intermediates is reported recently by our group to result in the formation of full-alkyl substituted pyranylidene carbene complexes 7 (Scheme 5) [16] . The demetalation reactions demonstrate pyranylidene carbenes 7 have some interesting and unique reactivity. We found that oxidative demetalation of 7a and 7b with I 2 provided 3,4,5,6-tetrapropyl-2H-pyran-2-one 8 in excellent yield (Scheme 6, a) [17] . The reaction of 7a and 7b with elemental sulfur in the presence of NaBH 4 selectively generated pyran-thione complexes 9a and 9b in quantitative yields by insertion of sulfur into the M=C (M = Cr, W) bonds, respectively (Scheme 6, b) [18] . Compound 7b remained inert toward hydrolysis with diluted HCl, however, with 12 N HCl 7b was hydrolyzed to yield 2H-pyran 10 in 80 % isolated yield (Scheme 6, c), which was in marked contrast with the alkoxy carbene complexes that afforded aldehydes after acidolysis [18] . More interestingly, it was found that 7b underwent a novel reductive demetalation reaction with LiAlH 4 to give 3-cyclopentenone 11 involving contraction of six-to five-membered ring (Scheme 6, d) [20] . 
Reaction of 1-lithio-1,3-butadienes with aldehydes or ketones
The addition reactions of organolithium reagents to aldehydes or ketones are fundamental process for rapid synthesis of alcohols upon hydrolysis. Results by reactions of 1-lithio-1,3-dienes with a benzoaldehyde are summarized in Scheme 7. Conjugated dienol 12 was obtained selectively in excellent yields by hydrolysis of the reaction mixtures of 1-lithiobutadienes with aldehydes (Scheme 7, a) [21] . It was also found out that, depending on the substituents of conjugated dienols, some of which were transformed to cyclopentadiene derivative 13 more easily than others when treated with 3 N HCl acidic solution (Scheme 7, b). In cases of X = Me and Ph, 1-lithio-1,3-dienes were allowed to react with an aldehyde to yield the corresponding cyclopentadienes 14 and 15 after hydrolysis with strong 12 N HCl solution (Scheme 7, c and d). However, reactions of (1-lithio-1,3-dienyl)diphenylphosphine oxides (Y = Ph 2 PO, Scheme 7, e) with various aldehydes afforded stereodefined vinylallenes 16 in more than 70 % isolated yields via t-BuOK-promoted Wittig-Horner elimination of lithium diphenylphosphinate [22] .
1-Lithio-1,3-dienes can undergo a cycloaddition with organonitriles (Scheme 11) [26, 27] . The N-lithioketimines 21 must be formed as the reactive addition intermediates at -78°C, because hydrolysis of the reaction mixture at -78°C afforded the linear imines 22 in high yields. With the rise of reaction temperature, intramolecular lithiation-cyclization (paths a and b) took place to form cyclic intermediates, which afforded pyridine derivatives and/or pyrrole derivatives as the final products.
In fact, when fully or partially substituted 1-lithio-1,3-dienes were treated with organonitriles, substituted pyridines, pyrroles, and/or linear butadienyl imines were formed in good to excellent yields via N-lithioketimine intermediates depending on the substitution patterns of the butadienyl skeletons and reaction temperature. In the cases of 1,2,3,4-tetrasubstituted and 2,3-disubstituted 1-lithio-1,3-dienes, pyridine derivatives 23 were formed depending on the reaction temperatures (Scheme 12, a and b). When 1,2,3,4-tetrasubstituted 4-halo-1-lithio-1,3-dienes and 1,2-disubstituted 1-lithio-1,3-dienes were treated with organonitriles, pyrrole derivatives 24 and 25 were obtained at 50 °C and refluxing temperature, respectively (Scheme 12, c and d) . Competition between 5-exo and 6-endo cyclization was found to be responsible for the formation of either pyrroles or pyridines. Selective elimination of RLi from the lithiated cyclic N-containing intermediates was observed. The order of elimination was found to be LiCl > Me 3 SiLi > LiH.
Reaction of 1-lithio-1,3-butadienes with isocyanates
Nonconjugated unsaturated amides and conjugated α,β-unsaturated amides are found to be useful for the preparation of various functionalized lactones, lactams, and oxazolines via electrophilic cyclization [28] . Both O-and N-attack pathways of the electrophilic cyclization are known, and competition between two pathways is also reported [28, 29] . Various heterocycles can be expected by their electrophilic cyclization reaction of dienamides [30] . Recently we found an alternative synthesis of these conjugated dienamide 26 by reactions of 1-lithio-1,3-dienes with N-aryl and/or N-alkyl isocyanates [31] . The acidpromoted electrophilic cyclization of 26 gave exclusively exo cyclic imino ethers 27 through the O-attack pathway. No formation of the N-attack products or endo heterocyclic products was observed. NBS or I 2 -promoted electrophilic cyclization of 26 also took place smoothly, affording the O-attack products, multisubstituted halogenated exo iminoethers 28 as the only products (Scheme 13). Substitution at the γ-position of the dienamides and the relative stability of the allylic carbocation might be essential for the exo products from O-attack. 
FORMATION OF SPIRO CYCLOPENTADIENE DERIVATIVES VIA DEAROMATIZING ANIONIC CYCLIZATION
Organolithiums tethered to aromatic rings (compound 29 in Scheme 14) are reported to undergo cyclization reactions via nucleophilic addition of organolithium to the π-system of the aromatic ring [32] [33] [34] . Two types of intermediates can be expected in this intramolecular nucleophilic addition of 29 (Scheme 14). The fused ring system 30 can be formed by vicinal intramolecular nucleophilic attack in 29 (Type I), but the spiro ring system 31 and/or 32 generated by ipso intramolecular nucleophilic attack (Type II).
Several reports have demonstrated formation of the fused ring system 30 [32] [33] [34] , especially in the case of aromatic amides including N-benzylbenzamides, N-benzylnaphthamides, sulfonamides, and phosphonamides. Although the expected spiro ring system 31 and/or 32 via reaction Type II is structurally and synthetically interesting, there is only one example mentioned in a recent publication by Clayden and coworkers [34] . Recently we reported that both 4-phenyl 1-lithio-1,3-butadienes 1d and 4-naphthyl 1-lithio-1,3-butadienes 1e underwent highly efficient and selective intramolecular nucleophilic addition of the butadienyllithium to the aromatic rings, resulting in full dearomatization of the phenyl rings and partial dearomatization of the naphthyl rings (Scheme 15) [35] . When the reactions were carried out at lower temperatures, ipso intramolecular nucleophilic attack took place exclusively to afford the spirocyclopentadiene derivatives 33-36 upon hydrolysis or further treatment with a variety of electrophiles. 1e and 1d were found to proceed in this reaction under similar conditions with the former being faster even at -78 °C. However, when the reaction of 1e was carried out at higher temperatures, such as 75 °C, an interesting skeletal rearrangement took place to afford the vicinal attack products 37, via a dearomatization/rearomatization process. Mechanistic investigation revealed that the kinetically favored ipso attack intermediates might undergo thermal skeletal rearrangement via 1,2-alkyl shift. 
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Scheme 14 Possible patterns of intramolecular nucleophilic addition of organolithium to the π-system of aromatic rings.
CONCLUSION AND OUTLOOKS
As our results have so far revealed, the essential factor which makes 1-lithio-1,3-diene derivatives useful and unique as building blocks in organic synthesis is the intramolecular synergy between the alkenyllithium moiety and the butadienyl skeleton, notwithstanding that the alkenyllithium moiety itself reacts with organic substrates in the usual way. In addition, the substitution patterns and the nature of the substituents on the butadienyl skeleton have been demonstrated to affect remarkably the reaction pathways of 1-lithio-1,3-diene derivatives. Further investigation into the reactivities of 1-lithio-1,3-dienes as a useful reagent is still ongoing in our group. Special attention will be focused on the isolation and structural characterization of reactive intermediates, generated by reaction of 1-lithio-1,3-dienes with unsaturated substrates, to elucidate the reaction mechanism.
